Abstract: Application of long-chain alcohols (LCOH) and long-chain fatty acids (LCFA) combined with alkanes as faecal markers to estimate dry matter intake (DMI) and dry matter digestibility (DMD) of equines and cattle was assessed. Six crossbred mares, randomly divided in two groups (H1 and H2), and three nonlactating cows (C) were housed in individual stalls. Groups H1 and C were fed on a diet of ryegrass (Lolium perenne, 0.7) and heather (Erica spp., Calluna vulgaris, 0.3), and H2 received ryegrass (0.4), heather (0.3) and gorse (Ulex gallii, 0.3). Digestibility was estimated using LCOH (C 28 -OH and C 30 -OH) and LCFA (C 28 -FA, C 30 -FA, and C 32 -FA) as internal markers. For DMI estimation, animals received daily a paper pellet containing C 24 , C 32 , and C 36 n-alkanes. Intake was estimated from the faecal ratio of naturally occurring LCOH, LCFA, and dosed n-alkanes, and was compared with the known DMI values. In horses, all markers provided accurate estimates of DMD. Similarly, LCOH provided accurate estimates of DMD in cattle, whereas LCFA underestimated it (P < 0.05). Intake estimates were affected (P < 0.05) by the marker pair used in calculations. In general, the C 24 :C 24 -FA pair provided the most accurate DMI estimates. Results suggest the usefulness of combining epicuticular compounds as faecal markers to estimate DMI, DMD and diet composition of horses and cattle grazing grass-heathland communities, simultaneously.
Introduction
Large domestic herbivores are currently increasing in number and taking the place of small ruminants in many marginal areas of southern European Atlantic mountains, occupied by nutritionally poor heathland communities. The differences in the digestive physiology between horses and cattle could indicate a complementary use for an efficient management of seminatural plant communities under mixed grazing (Loucougaray et al. 2004 ). Thus, cattle optimize the utilization of fibrous feeds through longer retention times of feed particles, leading to a more efficient utilization of slowly digested cell-wall components, at the expense of food intake (Van Soest 1996) , whereas horses compensate a lower digestibility by higher intakes of feed rich in cellwall components and throughput rates (Cymbaluk 1990; Duncan et al. 1990 ). Nevertheless, both species generally present a high degree of dietary overlap and, consequently, a high competition for the available biomass (Krysl et al. 1984; Lamoot et al. 2005; Ferreira et al. 2013) . Therefore, the development of adequate strategies for the management of horses and cattle on these vegetation communities requires the knowledge of the grazing behaviour of livestock species, especially when the limiting factor for livestock performance is the nutritional quality of vegetation communities.
Dry matter intake (DMI) and dry matter digestibility (DMD) of horses and cattle have been assessed by the use of long-chain saturated hydrocarbons (n-alkanes) as faecal markers ). Nevertheless, some plant species that can be found on heathland vegetation communities with associated improved pastures present very low alkane concentrations (Ferreira et al. 2009b (Ferreira et al. , 2011b , making them more prone to measurement errors (Dove and Mayes 2006) , and their application may result in less accurate estimations of feed intake ). Other epicuticular wax components such as longchain fatty acids (LCFA) (Ali et al. 2005; Ferreira et al. 2009a; Lin et al. 2009 ) and long-chain alcohols (LCOH) (Ali et al. 2004; Ferreira et al. 2012; Ferreira et al. 2015) have been suggested as additional markers to estimate diet composition of small ruminants. The LCFA have also been studied as an alternative or as a complement to alkanes to estimate diet composition in equines and cattle (Ferreira et al. 2010) . However, there is no information about the application of LCOH markers to estimate feed intake and apparent digestibility of large herbivores.
The objective of this work was to evaluate the potential applicability of combining LCOH and LCFA markers with alkanes to estimate feed intake and apparent DMD of equines and cattle grazing on upland mixed vegetation communities.
Materials and Methods

Experimental site and design
All procedures used in this experiment were described in detail in previous publications (Ferreira et al. , 2010 , but for the sake of clarity, they are also summarised here. The experiment was conducted at the end (i.e., November and December) of the grazing and vegetation growth season at the Carbayal Research Station, situated at 900-1000 m above sea level, at San Isidro's Mountain, Asturias, Spain (longitude −6°53′, latitude 43°20′). The vegetation is dominated by a mosaic of short heaths (Erica umbellata, Erica cinerea, and Calluna vulgaris), sparse tall heathlands (Erica australis and Erica arborea), and gorse (Ulex gallii). Natural vegetation can appear interspersed with areas of improved pasture, usually sown with perennial ryegrass (Lolium perenne) and white clover (Trifolium repens), to try to achieve the sustainability of the systems (Ferreira et al. 2011a) .
The experiment lasted for 11 d and included a 7-d period for adaptation of animals to the diets and experimental conditions, followed by 4 d of collection of representative samples of each diet component and animal faeces. Prior to the trial, animals were grazing on the type of vegetation described for these marginal areas, which was used in the experimental diets. Animals were housed indoors in individual metabolic crates to allow total faecal collection that was recorded individually. Representative samples of each diet component and samples of total faeces of each animal were collected every day before the morning meal for dry matter (DM) determination using a forced-air oven (Venticell, Munchen, Germany) at 60°C for 72 h. Another sample was immediately frozen at −20°C and then freeze-dried.
Animals and diets
Six mature crossbred mares (399 ± 60.6 kg BW −1 ) and three adult nonlactating cows (499 ± 36.3 kg BW −1 ) of Asturiana de los Valles breed were used. Groups of three animals were assigned at random to one of two diets (H1 and H2) for horses. Diets H1 and C were composed of ryegrass (0.70) and heather (0.30), and H2 was composed of ryegrass (0.40), heather (0.30), and gorse (0.30). The composition of the diets aimed to reflect the selection of these animal species on these vegetation communities at the end of the grazing season (Ferreira et al. 2013) . The diet component called heather represented the proportions of E. umbellata, E. Cinerea, and C. vulgaris found in these vegetation communities at that time. Ryegrass foliage was mechanically harvested daily from random sites within the experimental field using a brush cutter. In the case of the woody species (heather and gorse), they were also harvested daily using pruning shears, selecting only the green shoots. All diet components were offered twice daily in individual mangers to a total daily amount of 1.0 kg DM and 100 kg BW −1 . It should be noted that a low feeding level was used to prevent refusals as the botanical separation of the diet components in the refusals would be difficult to accomplish. Animals were dosed orally, using a specific designed applicator, once daily (0830 h) a paper pellet containing 1033.7 ± 2.79 mg of the n-alkane C 24 (n-tetracosane), 1011.8 ± 2.73 mg of the n-alkane C 32 (n-dotriacontane), and 914.3 ± 2.47 mg of the n-alkane C 36 (n-hexatriacontane) for estimating DMI. These synthetic n-alkanes (98% pure, Sigma-Aldrich Corp., St. Louis, MO, USA) were absorbed into shredded paper (Whatman No. 1 filter paper) following the procedure of Mayes et al. (1986) .
Chemical analysis
After freeze-drying, all samples of each diet component and of faeces were milled through a 1-mm screen and their alkane content was determined according to the methods of Mayes et al. (1986) , as previously described by Ferreira et al. (2007) . After the alkane analysis, all samples were stored in plastic containers under vacuum.
The LCFA and LCOH contents of faeces and dietary plant components were analysed in duplicate according to the methods of Dove and Mayes (2006) . The first stage involved treating 0.2 g of faeces or 0.5 g of diet components for 16 h with 3 or 4 mL of 1 M ethanolic KOH at 90°C, respectively, in a dry-block heater (Techne DB-3, Techne Ltd., Duxford, Cambridge, UK). Afterwards, a hot extraction was performed with heptane and water at 60°C to allow the separation of the contents into two liquid layers. The top (nonaqueous) layer containing alkanes and LCOH was transferred to a vial and evaporated to dryness. The remaining aqueous layer obtained was acidified with 1.5 mL of 5.8 M HCl and extracted with heptane/diethyl ether (50:50, v/v) to obtain LCFA fraction. After purification extracts were used for LCFA determination as previously described by Ferreira et al. (2010) .
The dried extracts from the nonaqueous layer were redissolved in 1 mL heptane, with warming, and were passed through a silica-gel column and washed with 6 mL heptane. To obtain the crude LCOH extract, the silica-gel column was washed with 2 × 3 mL heptane/ ethyl acetate (80:20, v/v) and the combined eluates were evaporated to dryness. The dried LCOH eluates were then redissolved in heptane with warming and 0.05 mL was applied to an aminopropyl SPE column, preconditioned with 1 mL heptane placed in a positive pressure manifold, and then washed with 2 mL heptane. To obtain the purified LCOH extract, the aminopropyl SPE columns were washed with 1.8 mL of 95:5 (v/v) heptane/ethyl acetate followed by 1.8 mL of 90:10 (v/v) heptane/ethyl acetate, and the eluates were evaporated to dryness. To form acetate derivatives of the alcohols in the purified eluate, 3 mL of a freshly prepared mixture of acetic anhydride/pyridine (20:80, v/v) were added and the samples were kept at 50°C overnight. After cooling, 0.6 mL water was added and the top layer of two extractions with 3 mL heptane was removed and evaporated to dryness. Alcohol acetate extracts were redissolved with 0.2 mL of heptane (kept at room temperature) for chromatographic analysis.
Analysis of LCOH (C 20 -C 30 ) was carried out by gas chromatography, using a Carlo Erba Mega Series 5160 fitted with flame ionization detector. The target analytes were separated using a SGE Solgel 1 column, 30 m × 0.25 mm with 0.25 μm film thickness. Injection volume was 1 μL (splitless mode) and the injector temperature was 300°C. The column was maintained at 180°C for 3 min, ramped at 30°C min −1 up to 220°C, ramped at 5°C min −1 to 325°C and it was held at 325°C for 8 min. Helium was used as the carrier gas (inlet pressure 105 kPa). All chromatographic analyses were carried out in duplicate for each extract, and a mixed standard was run regularly to enable corrections for variation in detector response. The concentrations of LCOH were quantified relative to known amounts of the internal standard heptacosanol (C 27 -OH), added at the beginning of the extraction procedure.
Calculations
The LCOH, alkane, and LCFA faecal recoveries (FRs) were calculated for each animal as the proportion of marker consumed in the diet that was recovered in the faeces. For alkanes C 24 , C 32 , and C 36 , the amounts dosed via paper pellet (plus those consumed in the diet) were also considered in the calculation of its FR.
Estimates of diet composition were obtained for each animal using an optimization procedure that minimises the sum of squared discrepancies between the actual marker (LCOH, alkanes, and LCFA) proportions in faeces (adjusted or not for the incomplete FR) and the estimated proportions (different combinations of diet components), according to Salt et al. (1994) . Calculations were based upon the individual marker concentrations expressed as proportions of the total for that marker, using the Solver routine in Microsoft Excel. For diet composition calculations, faecal marker concentrations of cattle were corrected for incomplete FR using group mean recovery rate, whilst in horses no faecal correction was applied. Marker faecal concentrations in horses were not corrected, as previous studies (Ferreira et al. , 2010 were not able to detect a clear association between carbon-chain length and FR. Thus, FR correction would not affect the accuracy of diet composition estimates (Dove and Mayes 2005) . Moreover, in the calculations of diet composition, it was assumed that all feeds (ryegrass, gorse, and heather) were available for consumption to all animal groups. Accuracy of diet composition estimates as a whole was assessed by the Kulczynski similarity index (KSI; Krebs 1989), i.e., overlap between the known proportions of the dietary components and those estimated using the faecal markers, as:
where c i is the lesser proportion of i component in the two diets (known vs. estimated) and (a i + b i ) is the sum of proportions of each plant component in both diets (known and estimated). Dry matter intake was estimated from the faecal ratio of naturally occurring LCOH (C 24 -OH, C 28 -OH, and C 30 -OH) or LCFA (C 24 -FA, C 28 -FA, C 30 -FA, and C 32 -FA) and dosed n-alkanes (C 24 , C 32 , and C 36 ) in the diet and faeces samples, according to the equation proposed by Mayes et al. (1986) :
where C j is the amount (mg) of the synthetic n-alkanes (C 24 , C 32, and C 36 ) in the paper pellets, F i and D i are the respective concentrations (mg kg DM −1 ) of the LCOH (C 24 -OH, C 28 -OH, and C 30 -OH) and LCFA (C 24 -FA, C 28 -FA, C 30 -FA, and C 32 -FA) in faeces and in the consumed diet, respectively, and F j and D j are the respective concentrations (mg kg DM −1 ) of alkanes C 24 , C 32 , and C 36 in faeces and consumed diet. As suggested by Mayes et al. (1986) , DMI estimation was based on the assumption that internal and external markers have similar FR and, consequently, errors arising from an inaccurate estimation of DMD (internal marker) and faecal output (external marker) would cancel out. For that reason, faecal marker concentrations were not corrected for incomplete FR before using them in eq. 2. The concentration of LCOH (C 24 -OH, C 28 -OH, and C 30 -OH), LCFA (C 24 -FA, C 28 -FA, C 30 -FA, and C 32 -FA), and alkanes (C 24 , C 32 , and C 36 ) in the consumed diet (D i or j ) were calculated for each animal, based on (1) the known diet composition proportions (DC1) and (2) those estimated proportions obtained using as markers the combination of LCOH + LCFA + alkanes (DC2), as follows:
where r, h, and g are the proportions of components R (ryegrass), H (heather), and G (gorse) in the diet and R i or j , H i or j , and G i or j are the concentrations of marker i or j in the vegetation components R, H, and G, respectively. In vivo DMD was calculated from total faecal collection using the equation DMD = (I − F)/I, where I is the total intake and F the total faecal output. DMD was also estimated using naturally occurring LCOH (C 28 -OH and C 30 -OH) and LCFA (C 28 -FA, C 30 -FA, and C 32 -FA) as internal markers using the equation DMD = (1 − C i /C f ), where C i and C f are the respective concentrations (g kg DM −1 ) of LCOH and LCFA in the diet and faeces. The C f concentrations were not corrected for their incomplete FR prior to their application as DMD markers. Concentrations of C i were calculated for each animal using eq. 3 and with different data on diet composition (DC1 and DC2).
Statistical analysis
All statistical analyses were performed using the program JMP version 9 (SAS Institute, Inc. 2015). The effect of diet composition on the recovery of LCOH in the faeces of horses was examined using the following fitted model:
where y ij is the calculated FR of each marker for the horse group H i (H1 and H2), with μ the overall mean FR. Horse group was fitted as a fixed effect, with the residual ε ij being the random effect. The effects of using different markers and diet composition data on DMD estimates were tested using the following fitted model:
where y ijk is the estimated DMD for marker M i (C 28 -OH and C 30 -OH; C 28 -FA, C 30 -FA, and C 32 -FA) and diet composition data D j (DC1 and DC2), with μ the overall mean DMD. Markers and diet composition data were fitted as fixed effects, as their interaction (MD) ij , with the residual ε ijk being the random effect. Known and estimated DMD values were compared using a paired t-test. The effects of using different marker pairs and diet composition data on the estimates of feed intake of each diet were tested using the following fitted model:
where Y ijk is the estimated feed intake for marker pair P i (C 24 :C 24 -OH, C 32 :C 28 -OH, C 32 :C 30 -OH, C 36 :C 30 -OH, C 24 :C 24 -FA, C 32 :C 28 -FA, C 32 :C 30 -FA, C 32 :C 32 -FA, C 36 :C 30 -FA, and C 36 :C 32 -FA) and diet composition data D j (DC1 and DC2), with μ the overall mean feed intake. Marker pairs and diet composition data were fitted as fixed effects, as their interaction (PD) ij , with the residual ε ijk being the random effect. Known and estimated DMI values were compared using a paired t-test. The relationship between the known/ estimated intake and the FR of the natural marker/dosed alkane was assessed by linear regression.
Results and Discussion
The LCOH, LCFA, and alkane profiles of the plant species used in the experimental period are presented in Table 1 . For all diet components, total LCOH concentrations were higher than the alkane ones, as previously observed elsewhere (Dove and Charmley 2008; Lin et al. 2009; Ferreira et al. 2015) , but lower than LCFA as also found by Ferreira et al. (2015) using similar plant species.
Total LCOH concentration was higher in ryegrass than in woody species, due to its high concentration of C 26 -OH, representing 0.8 of the total LCOH concentrations, confirming earlier reports (Dove and Charmley 2008; Lin et al. 2012; Ferreira et al. 2015) for various grass species. Within the woody species, heather showed higher concentrations than gorse in all LOCH, except for C 30 -OH.
Faecal recoveries of LCOH and LCFA markers used in DMI and DMD estimates are presented in Table 2 and indicate a complete FR of all markers in horses. These results are consistent with those obtained by Ferreira et al. (2007) when using the alkane markers with values around 1.0. Lower alkane FR were observed in horses by Ordakowski et al. (2001) and Smith et al. (2007) , although a common feature in all studies was an apparent lack of relationship between markers' carbon-chain length and their FR. In cattle, a similar trend for complete FR was only observed for the longer LCOH markers, whilst the shorter LCOH (C 24 -OH) and all the LCFA had incomplete FR. This incomplete FR is consistent with that observed elsewhere for alkanes ), LCFA (Ferreira et al. 2010) , and LCOH (Dove and Charmley 2008; Lin et al. 2009; Ferreira et al. 2012 Ferreira et al. , 2015 in ruminant species. Nevertheless, it should be pointed out that the FR of C 30 -FA and C 32 -FA were unexpectedly low. In fact, it is generally recognized that a positive relationship between carbon-chain length of the markers and their FR in all ruminant species (Dove and Charmley 2008; Lin et al. 2009; Ferreira et al. 2010 Ferreira et al. , 2012 . Some authors observed that this positive association was better described by curvilinear functions for alkanes (Charmley and Dove 2007; Ferreira et al. 2009b ), LCFA 2 ± 0.3 4 ± 0.7 2 ± 0.4 C 25 11 ± 1.1 10 ± 1.4 3 ± 0.6 C 26 3 ± 0.5 6 ± 0.7 2 ± 0.3 C 27 19 ± 1.5 33 ± 6.6 21 ± 2.5 C 28 7 ± 0.8 17 ± 6.3 11 ± 1.4 C 29 78 ± 6.4 109 ± 19.7 55 ± 5.5 C 30 10 ± 1.5 27 ± 4.4 8 ± 0.8 C 31
161 ± 10.7 654 ± 123.7 106 ± 10.3 C 32 8 ± 1.2 55 ± 5.5 3 ± 0.3 C 33 93 ± 9.7 519 ± 84.7 4 ± 1.3 Total 392 ± 24.1 1434 ± 162.5 215 ± 20.4 (Ferreira et al. 2009a (Ferreira et al. , 2010 , and LCOH (Ferreira et al. 2015) . By contrast, linear functions were reported by Elwert et al. (2004) and Lin et al. (2007) for the alkanes, and by Ferreira et al. (2012) for LCOH markers. Results also showed a general lack of diet composition effect on markers' FR in horses, being only significant (P = 0.025) for C 24 -FA, with only 7% of difference between the two diets. Although this effect was only assessed with two distinct diets with similar DMD, data are similar to those obtained by Ferreira et al. (2007) for the alkane markers. It should be stressed that the level of intake used in this experiment was low (1 kg DM 100 kg BW −1 ) and a possible effect on marker FRs cannot be dismissed. Nevertheless, previous studies carried out with beef cattle (Oliván et al. 2007) were not able to identify any significant influence of level of intake on the FR of both internal and external alkanes. The comparisons of measured proportions of diet components with those estimated using the combination of LCOH, LCFA, and alkane markers are presented in Table 3 . Although it is possible to obtain more accurate estimates when using individual recovery data, in field animal experiments, this is not feasible. Thus, in this study, for cattle, diet composition estimates were based on marker faecal concentrations corrected using group mean recovery rates. The results obtained reveal that the combination of these markers was able to estimate accurately the proportions of plant species in the diets, with high KSI values for all diets, ranging from 97.4% (H2) to 98.4% (C). In the diet composition estimations, we chose to combine all markers available as it is generally known that this procedure can provide a more specific fingerprint to each plant species, increasing the discriminatory power between them, and, consequently, resulting in more accurate estimates (Dove and Mayes 2006; Ferreira et al. 2009b Ferreira et al. , 2012 . However, it should be noted that the combination of markers may not always result in better estimates of diet composition. Another option would be to select markers that better distinguish between possible diet components, namely using discriminant analysis as suggested by Bugalho et al. (2004) .
The DMD estimates obtained using different LCOH and LCFA (C 28 -OH and C 30 -OH; C 28 -FA, C 30 -FA, and C 32 -FA) as internal markers, and different data on diet composition (DC1 or DC2) are presented in Table 4 . As a consequence of the accuracy of diet composition estimates obtained using all marker types combined, DMD estimation was not influenced by the diet composition data (DC1 and DC2) used in the calculations in both animal species. It should be stressed that the accuracy of DMD and DMI estimates is dependent on that of diet composition. In the case of cattle, this precision is given by the use of accurate recovery data to correct marker faecal concentrations, whereas in horses this is not necessary (Ferreira et al. 2015) . Utilization of inaccurate recovery data in cattle, as in other ruminant species, will have a negative impact on the diet composition estimates and, Note: H1 and C fed on 0.7 ryegrass and 0.3 heather; H2 fed on 0.4 ryegrass, 0.3 heather and 0.3 gorse. KSI = Kulczynski similarity index.
subsequently on DMD and DMI estimates. In horses, LCOH (C 28 -OH and C 30 -OH) and LCFA (C 28 -FA, C 30 -FA, and C 32 -FA) internal markers provided accurate estimates of DMD, not differing (P > 0.05) from the in vivo measurements of DMD. Nevertheless, the marker used in the calculation affected (P = 0.023) DMD estimates in H2 group, with LCOH providing higher DMD values than LCFA. Estimates of DMD, ranged from a minimum of 0.39 (C 30 -FA using DC2) to a maximum of 0.43 (C 32 -FA using DC1) in H1 diet, and from a minimum of 0.36 (C 30 -FA using both DC1 and DC2) to a maximum of 0.44 (C 30 -OH using both DC1 and DC2) in H2.
In cattle, markers used in the calculations affected (P < 0.001) the DMD estimates. The use of LCOH provided estimates that did not differ (P > 0.05) from the in vivo measurements, whilst LCFA tended to underestimate DMD in a greater extent as the carbon-chain length increased. This was unexpected as a general positive relationship between FR and carbon-chain length is observed in ruminant species (Dove and Mayes 2006; Ferreira et al. 2007) , with the longer-chain markers achieving high levels of FR and their application providing accurate estimates of DMD. In the case of horses, at least for alkanes, their FR seems to be independent of the carbon-chain length (Ordakowski et al. 2001; Ferreira et al. 2007 ) and, for that reason, differences between DMD estimates obtained with markers of different carbon-chain length are low. The accuracy of DMD estimates depends on the quantitative FR of the markers, being under-or over-estimated as a result of a FR lower or higher than 1.0, respectively. For both animal species, LCOH internal markers provided DMD estimates that did not differ from the values that we measured because their FR was near 1.0. In the case of LCFA in cattle, the low FR values resulted in a significant underestimation of DMD. For this reason, if LCFA are utilized in DMD studies, a prior adjustment of LCFA faecal concentrations prior to their application is recommended.
The results on DMI estimation using different marker pairs are shown in Table 5 . The natural markers were selected for each pair based on the similarity between their carbon-chain length and that of synthetic markers. Thus, we increase the probability of using markers with similar FRs. Diet composition data (DC1 and DC2) used in the calculations did not affect feed intake estimates. Overall, the best agreement between known and estimated intake was obtained using the C 24 :C 24 -FA pair, overestimating intake by 8.0% on average. Nevertheless, the best combination of markers depended on the animal species. The C 24 :C 24 -FA pair provided the best DMI estimate in cattle, overestimating it by 4.7% on average, whilst in horses the most accurate estimate was obtained using C 24 :C 24 -OH pair, overestimating DMI by only 3.4% on average. It should be noted that, within horse diets, accuracy of DMI estimates was always lower (P < 0.001) in the more complex diet in Table 4 . In vivo and estimated DMD (mean ± SD) calculated using different LCOH and LCFA internal markers and different diet composition data (DC) in horses (H1 and H2) and cattle (C) fed on grass-heathland species. terms of plant species (H2), regardless of the marker pair used. The combination of the synthetic dosed alkanes with natural LCFA or LCOH influenced (P < 0.001) the accuracy of DMI estimates in cattle. In fact, a mean overestimation of 20.9% was observed when using alkane-LCOH pairs, and an underestimation of −20.8% when using alkane-LCFA pairs. For horses, this effect was not observed (P = 0.229). Results showed that the combination LCOH + alkanes overestimated DMI for both animal species, as also observed by Dove and Charmley (2008) in sheep when using the same alkane-LCOH pairs (C 32 :C 28 -OH, C 32 :C 30 -OH, and C 36 :C 30 -OH). Nevertheless, it should be noted that within the horse groups this overestimation did not reach statistical difference and was much lower in H1 than in H2. By contrast, the combination LCFA + alkanes underestimated DMI in cattle.
Alkane markers have been proposed as a valuable technique to estimate feed intake of cattle (Oliveira et al. 2008; Undi et al. 2008; Morais et al. 2011 ) and horses Smith et al. 2007 ). Mayes et al. (1986) suggested that feed intake could be determined using a dosed even-chain alkane marker (to measure faecal output) together with a dietary odd-chain alkane (to measure digestibility). However, natural odd-chain alkanes usually used to estimate feed intake (i.e., C 31 and C 33 ) can appear in very low concentrations in some plant species, such as gorse (only 4 mg kg DM −1 for C 33 ), with a possible negative impact on the accuracy of DMI estimates (Oliván et al. 2007; Dove and Charmley 2008; Lin et al. 2009 ). Thus, other plant wax markers (i.e., LCOH and LCFA) can be combined with synthetic alkanes to obtain accurate estimates of DMI, provided that they have equal or at least similar FR (Dove and Mayes 2005) . Although there are previous studies using the combination LCOH + alkanes to estimate feed intake in small ruminants (Dove and Charmley 2008) , there are no data on the use of the combination of different marker types Note: DC1 using known proportions of the vegetation components. DC2 using estimated proportions using the combination LCOH + LCFA + alkanes as markers corrected with FRs for each species. H1 and C fed on 0.7 ryegrass and 0.3 heather; H2 fed on 0.4 ryegrass, 0.3 heather and 0.3 gorse. Values in the same column with different letters are significantly different (P < 0.05). Within each group, values marked in boldface type are significantly (P < 0.05) different from in vivo measurements of DMI.
a Difference = (Estimated/Measured − 1) × 100.
(i.e., LCOH, LCFA, and alkanes) to estimate feed intake in horses and cattle. Ferreira et al. (2007) suggested that the accuracy of DMI estimates can be affected by two possible sources of error: (1) the discrepancy between the proportions of each plant species in the diet estimated by the markers and the known ones and (2) the discrepancy between the FR of the natural and the dosed alkane of each pair. In this study, data on diet composition (DC1 or DC2) used in the calculations did not affect DMI estimates in both horses and cattle, indicating that the accuracy of these estimates was only affected by the discrepancy between the FR of the natural (LCOH or LCFA) and the dosed alkane (C 24 , C 32 , and C 36 ) of each pair. As referred by Mayes et al. (1986) , the FR of the two markers of each pair must be similar to obtain accurate estimates of intake, so that the errors associated with their incomplete recoveries cancel out in the equation used to estimate DMI (eq. 1). Dove and Mayes (1996) showed that proportional differences in FR of natural markers and dosed n-alkanes should result in an equivalent proportional error in the estimate of intake. If the pair of markers used to estimate intake differ 1% in their FR, the error of the intake estimation will be 1.1-1.3% (Dove and Mayes 1996; Charmley and Dove 2007; Dove and Charmley 2008) .
The discrepancies between the FR of the natural markers (LCOH or LCFA) and the dosed n-alkane of each pair used for DMI estimation are shown on Figs. 1a-1d. Results showed a strong correlation between the variation of the marker recoveries of each pair (natural LCOH or LCFA/dosed alkanes) and the accuracy of DMI estimates (known/estimate) for cattle (y = 0.119 + 0.893x; P < 0.001; r 2 = 0.981) and for horses (y = 0.088 + 0.919x; P < 0.001; r 2 = 0.945). It should be highlighted that this correlation was lower (y = 0.126 + 0.887x; P < 0.001; r 2 = 0.871 for cattle; y = 0.078 + 0.926x; P < 0.001; r 2 = 0.906 for horses) when using natural LCFA/dosed alkanes pairs compared with LCOH/dosed alkanes ones (y = 0.091 + 0.914x; P < 0.001; r 2 = 0.998 for cattle; y = 0.095 + 0.913x; P < 0.001; r 2 = 0.978 for horses) for both species. This was also observed in previous studies using natural/ dosed alkane pairs. Hendricksen et al. (2002) found a high correlation (r 2 = 0.960) between these factors for Brahman-cross cattle fed with a range of tropical grass hays and alfalfa; Oliván et al. (2007) showed higher correlation (r 2 = 0.995) for nonlactating beef cows of Asturiana de los Valles breed fed on alfalfa hay, and Ferreira et al. (2007) also found a higher correlation (r 2 = 0.998) for the same animals and conditions used in this trial.
Conclusion
The results obtained in this study showed the usefulness of combining natural LCOH or LCFA with a dosed alkane to obtain accurate estimates of diet composition, Fig. 1 . Relationship between the known/estimated intake and the FR of the natural markers and dosed alkanes for H1, H2, and C diets. (a) Cattle, using LCOH as natural markers; (b) horses, using LCOH as natural markers; (c) cattle, using LCFA as natural markers; (d) horses, using LCFA as natural markers. Solid line is the line of equality (y = x).
feed intake and its digestibility in horses. In the case of cattle, the use of LCFA requires a prior adjustment of LCFA faecal concentrations for their incomplete FR for obtaining accurate estimates of digestibility. In this animal species, DMI was not always estimated with high levels of accuracy, especially when longer carbon-chain length synthetic alkanes were combined with the longer LCFA.
